Local lattice structures of La 1.85 Sr 0.15 Cu 1−x M x O 4 (M=Mn, Ni, and Co) single crystals are investigated by polarized extended x-ray absorption fine structure (EXAFS). The local lattice instability at low temperature is described by in-plane Cu-O bond splitting. We find that substitution of Mn for Cu causes little perturbation of local lattice instability while Ni and Co substitution strongly suppresses the instability. The suppression of superconductivity by Cu-site substitution is related to the perturbation of lattice instability, indicating that local lattice instability (polaron) plays an important role in superconductivity.
I. INTRODUCTION
In recent years there has been a growing interest in the possibility that the metallic phase of cuprate superconductors has an instability towards microscopically phase-separated charge and spin inhomogeneities [1] and that this instability might be related to the high temperature superconductivity (HTSC) itself [2] . In an inhomogeneity picture, the modulated charges (stripes) could in principle support either superconductivity or charge density wave [3] . When the stripes are static, charge density wave overwhelms. However, if the stripes are dynamic, the charge fluctuations might suppress the charge density wave and open a pseudogap that serves as a precursor for superconductivity. This nanometer-scale phase instability could lead to a strong spin-charge-phonon coupling, giving possible evidence of unconventional electron-phonon coupling in HTSC.
The existence of static stripes is now generally accepted due to the observation of inhomogeneous charge distribution in certain compounds such as La 1.6−x Nd 0.4 Sr x CuO 4 and La 1.875 Ba 0.125 CuO 4 [4, 5] . However, dynamic stripes-which are particularly importantare not easily and unambiguously detectable. Due to the absence of a clear experimental signature, the possible existence of dynamic inhomogeneous state has been difficult to establish [6] . So far, dynamic inhomogeneity has been suggested by the observation of a second order parameter well above T c . For example, a multi-component response, as a sign of dynamic inhomogeneous state in La 2−x Sr x CuO 4 has been consistently observed in different experiments, such as muon-spin rotation, scanning tunneling spectroscopy, and angle resolved photoemission spectroscopy [7, 8, 9] . In a recent inelastic scattering study, Reznik et al. found a clearly discernible characteristic anomaly in the spectrum of phonons in optimally-doped La 1.85 Sr 0.15 CuO 4 [10] . This anomaly indicates the resonance between phonons and the motion of ions that form the copper oxide lattice, reflecting the possible existence of dynamic charge inhomogeneity in optimally-doped La 1.85 Sr 0.15 CuO 4 . However, inelastic scattering measurements do not yield direct information on "modulated" Cu-O bond distances. Clearly, if the charge is inhomogeneously distributed in the CuO 2 plane, such that some copper sites have more charge than others, a modulation of in-plane Cu-O bond length would occur. Thus, a high-precision measurement of the in-plane Cu-O bond length "distribution" would reveal the possible existence of an inhomogeneous state. In this paper we present an accurate determination of the in-plane Cu-O bond length modulation used a different sample holder so that the electric field of the polarized light is parallel to the c-axis of the sample. The details of the experimental setup and data acquisition process have been described elsewhere [12] . Here we used a state-of-the-art germanium 100-pixel array detector (PAD) collecting signals over a segmented solid angle using a grazing-incidence geometry.
III. RESULTS AND DISCUSSION
A. Local lattice instability in La In the in-plane configuration, prominent peaks at radii R∼1.5Å, R∼3.0Å, and R∼3.5Å
are the Cu-O, Cu-La, and Cu-Cu correlations. In the out-of-plane configuration, the peaks corresponding to the in-plane Cu-O and Cu-Cu correlations are significantly damped. The prominent peak at radius R∼3.0Å corresponds to the Cu-La correlation. There are several peaks in the 1.3<R<2.2Å range where the out-of-plane Cu-O peak appears.
The experimental EXAFS, χ(k), is analyzed by using of the IFEFFIT analysis package [13] . The fitting of EXAFS data is performed for each orientation by constraining the structural parameters of those paths that contribute to individual polarization. In the in- Cu−Op decreases with decreasing temperature. In contrast, below a characteristic temperature T * (T * ∼80 K), it exhibits a remarkable upturn, indicating the occurrence of local lattice distortion [14, 15, 16, 17] . Previously, a similar local lattice distortion was found and explained by using a two-componen model where a distorted local low temperature tetragonal (LTT) lattice coexists with the undistorted local low temperature orthorhombic (LTO) lattice [14] . In this study, we systematically analyzed the polarized Cu K-edge EXAFS data along the c-axis. In Fig. 4 we also plot the temperature dependence of MSRD of the out-of-plane Cu-O bond σ The local lattice instability below T * ∼ 80 K is described by the in-plane Cu-O bond splitting. Due to the well-known fact that there is no static lattice/charge modulation in optimally-doped La 1.85 Sr 0.15 CuO 4 and the failure to detect the inhomogeneous state by any slow techniques, we suggest that the local lattice instability occurs "dynamically". The dynamic lattice fluctuation time is below the picosecond (10 −12 second) range, which can be detected only by certain "fast" probes, such as EXAFS and neutron diffraction [6, 18] . The powerful fast probes which freeze the motion of ions on short timescales (∼10 −15 second), e.g. EXAFS, are eminently suitable for detection of these fluctuation patterns [18] . Lattice instability at this length scale is expected to produce exotic lattice dynamical properties such as a certain kind of phonon mode softening and strong coupling between the lattice and charge degrees of freedom, leading to polaron formation. Regarding the specific nature of the polaron, two different types of Cu-O bond stretching modes can be considered as possible candidates: the pseudo-Jahn-Teller mode [19, 20] ; and the Q 2 -type mode [21, 22] .
These modes are schematized in Fig. 6 . Below T c , the beat feature is weakened but it is still clearly discernible, which indicates the persistence of dynamic lattice instability below With 5% of Ni or Co doping the upturn behavior is completely disappeared. In contrast, the Mn dopant has less perturbation on the upturn behavior. We notice that the upturn of
Cu−Op is still significant in the 5% Mn-doped sample. In order to see the difference in the perturbation clearly, we fit the temperature dependence of σ 2 Cu−Op for La 1.85 Sr 0.15 CuO 4 by using the correlated Einstein model [24] , via the following equation:
where Θ E is the Einstein temperature and µ is the reduced mass of the pair of atoms involved in the bond. The calculated σ 2 th (T ) curve is shown as the dashed line in Fig. 7 . One can clearly see a large deviation between the measured and calculated σ 2 Cu−Op below 80 K, due to the occurrence of local lattice instability.
We find that all the dopants (Mn, Ni, and Co) lead to an increase in σ 2 Cu−Op , which is likely due to local lattice rearrangement around the dopants. In this case, the σ 2 Cu−Op could 7 be given as a superposition of a temperature-independent term (σ 2 imp ) and a temperaturedependent dynamic term. For these samples, we also fit the experimental σ 2 Cu−Op (T ) curves using a simple equation:
The fitting results are shown as the dashed curves in Fig. 7 .
The detailed variation of σ 
For T < T c : σ
where σ 2 ins represents the contribution of local lattice instability to the total σ 2 Cu−Op , and σ 2 coh is due to the phase coherence below T c . Using Eqs. (3) and (4), we can estimate the magnitudes of σ On the basis of these results we can draw the conclusion that the Mn-doped samples favor the local lattice instability while the Ni and Co dopants are strongly harmful to the local lattice instability. The perturbation of local lattice instability is related to the suppression of superconductivity induced by impurity doping. That is, the introduction of Ni and Co dopants strongly suppresses the local lattice instability and thus severely suppresses the superconducting transition. In contrast to the Ni and Co dopants, the Mn dopants cause less perturbation on the local lattice instability, resulting in a constant onset superconducting transition temperature. It is reasonable to imagine that in Mn-doped samples, the introduction of Mn dopants leads to the separation of the superconducting domains. Near the Mn dopants, regions of non-superconducting domains are formed. With increasing Mn doping, more and more non-superconducting regions are formed and large superconducting domains could be divided into small superconducting droplets. As the distance between the superconducting droplets becomes large, the tunneling is prohibited and the superconductivity disappears.
C. Local lattice structure around Mn, Ni, and Co dopants
We also investigate the local lattice structures around the Mn, Ni, and Co dopants by analyzing the Mn, Ni, and Co K-edges EXAFS data. Figure 9 We also find that the substitution of Mn, Ni and Co at the Cu site leads to a noticeable change in the in-plane Cu-O and M-O (M=Mn, Ni, and Co) bond distances. In Table I 
D. Lattice instability and superconductivity
We now make some discussion on the local lattice instability and its interplay with superconductivity. A spatial inhomogeneity model is schematized in Fig. 10 . Below T * , local lattice instability occurs which leads to phase separation into metallic domains and insulating ones [1, 25, 26, 27] . If the distance between adjacent metallic domains (L) is shorter than a critical length ζ, tunneling between the metallic domains is allowed. Phase coherence is achieved when the quantum tunneling threshold is reached. The formation of macroscopic superconducting state is through the spreading of phase coherence by tunneling over the static insulating domains [28, 29, 30] . Difference between Mn and Ni (or Co) doping is due to the fact that Mn atoms conserve the local dynamic domains while the Ni and Co dopants make the local lattice distortion "static" because of the strain field. Around the Ni and Co dopants, the static lattice distortion is temperature-independent, which is consistent with the term σ 2 imp in Eq. (2). In Ni-and Co-doped samples, dopants lead to the decrease of dynamic regions. The decrease of dynamic regions leads to a decrease of superconducting carrier concentration (n s ), resulting in lower T c [31] . In this picture, dynamic lattice response plays an important role in HTSC.
IV. CONCLUSION
In conclusion, we present evidence from EXAFS measurements that dynamic local lattice instability occurs in optimally-doped La 
